We present a velocity resolved data cube of the distribution of the v=1-0 S(1) line of molecular hydrogen (H 2 ) from the source OMC-1. With ~ 1.5 arcsec spatial and 14 km s -1 velocity resolution, obtained with a scanning Fabry-Perót interferometer, it provides the most extensive database yet obtained on both the distribution and dynamics of the shocked molecular gas in this source. The line profiles are broad and generally smooth all over the source, with total extent (FWZI) up to ~ 150 km s -1 . We have identified, however, two distinct components to the line profiles which have different spatial distributions. Over the entire source, strong emission from a central velocity component is present, close to the ambient cloud velocity, while emission from high velocity components (both red-and blue-shifted) is confined to discrete condensations. The central velocity component peaks, on average, at v LSR ~ +12 km s -1 , with an average FWHM of ~ 37 km s -1 , but shows subtle variation across the source. In particular, the strongest emission region, Peak 1 to the north-west, is both slightly blue-shifted and broader than the secondary Peak 2 to the south-east of OMC-1. We interpret this emission as the result of an isotropic steady wind from the IRc2 complex being loosely collimated by a disk, so that it flows close to the plane of the sky but with Peak 1 pointing slightly towards us, and interacting with ambient molecular gas to excite the H 2 emission.
ABSTRACT
We present a velocity resolved data cube of the distribution of the v=1-0 S(1) line of molecular hydrogen (H 2 ) from the source OMC-1. With ~ 1.5 arcsec spatial and 14 km s -1 velocity resolution, obtained with a scanning Fabry-Perót interferometer, it provides the most extensive database yet obtained on both the distribution and dynamics of the shocked molecular gas in this source. The line profiles are broad and generally smooth all over the source, with total extent (FWZI) up to ~ 150 km s -1 . We have identified, however, two distinct components to the line profiles which have different spatial distributions. Over the entire source, strong emission from a central velocity component is present, close to the ambient cloud velocity, while emission from high velocity components (both red-and blue-shifted) is confined to discrete condensations. The central velocity component peaks, on average, at v LSR ~ +12 km s -1 , with an average FWHM of ~ 37 km s -1 , but shows subtle variation across the source. In particular, the strongest emission region, Peak 1 to the north-west, is both slightly blue-shifted and broader than the secondary Peak 2 to the south-east of OMC-1. We interpret this emission as the result of an isotropic steady wind from the IRc2 complex being loosely collimated by a disk, so that it flows close to the plane of the sky but with Peak 1 pointing slightly towards us, and interacting with ambient molecular gas to excite the H 2 emission.
In addition, high velocity emission components (centred at ~ -35 km s -1 and +40 km s -1
with FWHM of ~ 30 km s -1 ) are found in discrete locations, primarily along an emission ridge running north along the Peak 1 region and towards the circumstellar disk about the IRc2 complex. We develop an analytical shock model to demonstrate that these discrete emission knots closely resemble the emission expected from partially resolved bow-shocks. We ascribe these features as additional 'bullets' to those identified by Allen & Burton (1993) in [FeII] at greater distances from the source, but which have been revealed by their interaction with dense, ambient molecular gas. They likely originate from a temporally-limited event ≤ 1000 years ago. We provide new estimates on their energetics and momenta of all the bullets, and speculate on their origin.
Introduction
Behind the HII region M42, in the Orion molecular cloud (OMC-1) lies what is perhaps the most intensely studied region of ongoing star formation. In OMC-1, high velocity motions of molecular gas away from a central source are revealed by the presence of red-and blue-shifted components to the emission from CO and molecular hydrogen (H 2 ) (Zuckermann et al. 1976; Kwan & Scoville 1976; Nadeau & Geballe 1979) . Bright H 2 emission is attributed to shock excitation produced in the interaction of an outflow with the surrounding molecular medium. Axon & Taylor (1984) first discovered several shocked Herbig-Haro (HH) objects in the region, from observation of [OI] 6300Å emission, with line widths up to ~ 400 km s -1 , and argued that these objects were associated with the main outflow. The existence of an enhanced zero velocity component led Axon & Taylor to believe that the objects were stationary condensations embedded within the high velocity flow. At the same time, Taylor et al. (1984) discovered a complex of H 2 emission, which they termed 'H 2 -fingers', to the north-west of the main body of H 2 emission.
Following these discoveries, much attention has been paid to the dynamics of the OMC-1 region, especially the nature of the molecular shocks (e.g. Nadeau, Neugebauer & Geballe 1982; Brand et al. 1988 Brand et al. , 1989 . The first models to explain the excitation relied on planar hydrodynamic J shocks (Hollenbach & Shull 1977; Kwan 1977; London et al. 1977) . Following the discovery that the line profile of the H 2 emission extends over 150 km s -1 (Nadeau & Geballe 1979) , it became clear that this picture was inadequate, as the dissociation velocity for a J-shock is ~ 25 km s -1 . Taking regard that the molecular medium would also be partially ionised and thus carry a magnetic field, magneto-hydrodynamic C-shock models were then developed (Draine & Roberge 1982; Chernoff, Hollenbach & McKee 1982; Draine, Roberge & Dalgarno 1983) . While being physically more reasonable, Cshocks only partially ameliorated the H 2 line profile problem, dissociation velocities increasing to ~ 40 -50 km s -1 . Furthermore, plain C-shocks had trouble matching the observed high excitation of the H 2 spectrum (e.g. Brand et al. 1988 ).
Wishing to investigate the energetics of the region, Allen & Burton (1993) mapped the same region of Taylor et al. (1984) in [FeII] 1.64 µm and H 2 v=1-0 S(1) emission, the lines being sensitive to fast and slow shock activity, respectively. They recognised at least twenty hollow structures in the H 2 emission corresponding to the Taylor et al. 'fingers', their morphologies typical of classic bow shock structures. In addition, compact [FeII] emission knots were found at the tips of these H 2 structures, from which their interpretation required compact knots of material to have been ejected over a wide opening angle in a recent explosive event, contrary to the view of Axon & Taylor (1984) .
The work of Allen & Burton (1993) covers a large region, extending for some distance from the OMC-1 core. While narrow band imaging is useful in determining the morphology of the H 2 emission, it does not yield any information on the velocities and excitation of the gas. With the infrared techniques available now, it is possible to obtain two dimensional images which are at both high spatial and high spectral resolution. In this paper, we present data obtained towards the central core of OMC-1 to study the kinematics of the molecular gas close to the source of the outflow. We describe the data cube obtained, and discuss the implication of these results for the kinematics of the molecular gas and for the morphology of the outflow in OMC-1.
Observations

Data Acquisition
A velocity cube of the emission from the v=1-0 S(1) line of H 2 in OMC-1 was obtained using the 3.8m United Kingdom Infrared Telescope (UKIRT) on Mauna Kea, Hawaii. This cube covers the region of bright shocked emission from the source with 0.62 arcsec pixel scale and 14 km s -1 velocity resolution.
The data were obtained on, 29 January 1989 and 7-10 January 1990, using the near-infrared array camera IRCAM (McLean 1987 , equivalent to 835 etalon steps (FPZ). Using the wavelength of the Krypton arc line at 2.11712 µm, the instrumental FWHM resolution was measured to be 14 km s -1 when aligned optimally. All but approximately eight orders of the FP were blocked out by a narrow band filter centred at 2.12 µm.
The small angular difference in the beam direction between centre and edge of the array results in a phase shift across it. The magnitude of this shift is determined by a phase calibration cube, obtained by scanning the FP over the complete FSR while observing a diffused arc lamp line. The line appears as a ring whose radius varies as the FP is scanned. The phase shift between the centre and corner of the array was measured to be 115 km s -1 .
Initially the FP setting was peaked on Orion with reference to the shift of the nearby Krypton arc line to the H 2 1-0 S(1) line, at 2.12181 µm. Then the FP was scanned across its FSR, stepping in units of 10 FPZ steps (i.e. 5.3 km s -1 ) when on the H 2 line, and in units of 50 FPZ steps when on the adjacent continuum. Five spatial positions in Orion were chosen, and a cube obtained for each on separate nights (see Table 1 ). Four positions placed BN in the four corners of the array, and the fifth covered part of the molecular hydrogen 'fingers' extending NW from Peak 1 , including the HH object M42-HH1 (Axon & Taylor 1984) . Each cube covers a spatial region of 36×38 arcsec. Integration times were 4 minutes per frame, and autoguiding was used. The level of sky emission at this high spectral resolution is low, typically only 50% more than the dark current. Sky frames were therefore taken infrequently, typically after every 10 source frames. A sky position 10 arcmin east was chosen at a continuum FP setting.
Every time a sky position was measured the FP was also checked for drift of the plates. This is achieved by placing a diffused arc lamp in front of the FP and measuring the radius of the phase ring at a fixed FPZ setting. The rings were determined to be circular, centred on pixel (31.7, 29.0), i.e. within a pixel of the array centre. Their radius varied a little during the night. The FP drifted by up to 21 km s -1 per night (see Table 1 ), mostly during the first part of the night when the temperature was changing. This phase drift was taken out through periodic measurement of the phase rings at a fixed FPZ setting.
No absolute flux calibration was attempted. The bright continuum source, BN, was used to calibrate transmission variations during the night. From inspection of star images on the frames, the angular resolution of the data is about 1.5 arcsec.
Data Reduction
The data were first reduced in the 5 separate cubes for each spatial position before being combined. Within each cube the individual frames were reduced by standard techniques before phase corrections were applied (see Bland-Hawthorn 1995) .
Each frame was linearised, and the nearest sky frame subtracted off, also removing the bias and dark current. Frames were then flatfielded. After some experimentation flatfields were constructed from the sigma clipped average of twenty sky frames taken over the course of the run. Using domeflats or broader band sky flats proved unsatisfactory due to beam differences in the illumination of the array compared to the observations, and fringing with the detector. The low sky level necessitated the combination of many long exposure sky frames to achieve an adequate signal to noise ratio. Bad pixels were interpolated over, and then each frame shifted spatially so that BN fell in the same pixel position for all frames in the cube (to an accuracy of 0.1 pixel). A bright star near M42-HH1 was used for centring the fifth cube. Transparency variations over each night were then removed by multiplicatively scaling the flux of BN through a 3 pixel aperture. For the M42-HH1 cube, interpolation between periodic 30s long measurements of BN were used to determine this correction. For each frame there is a residual (small) uniform background, with contributions from continuum, OH airglow emission and sky and dark current variations. The level was estimated through inspection of a histogram of the pixel intensity distribution for each frame, and subtracted off.
The phase calibration cube was used to apply a phase correction so that each plane in the cube has a constant wavelength. The phase surface was measured to be a paraboloid with a residual dispersion of less than 0.3 channels (i.e. < 2 km s -1 ). The phase shift, ϕ, is given by ϕ = Kr 2 where K is the curvature of the paraboloid and r the radius of a ring in pixels. The curvature can be shown to be equal to (
where n is the order of the FP, FSR is the free spectral range, p is the pixel size and fcam is the focal length of the camera (Bland & Tully 1989) . K was measured to be 0.0687 km s -1 , compared to a theoretical determination of 0.0602 km s -1 for nominal parameters of the instrument.
From the phase cube, the phase shift at a distance dr is calculated to be ∆ϕ (km s -1 ) = 2Kr = 3.85 × ( r0 / 28 ) × dr at a ring with fiducial radius, r0, of 28 pixels. The phase shift correction during the night was then calculated by linear interpolation, and applied to every frame in the cubes.
The phase drift between the cubes on each night of the January 1990 observations was similarly calculated and applied. For the January 1989 cube the shift was determined differently, by cross-correlating the peak of the line profiles in regions of overlap with other cubes after the phase correction. It was equivalent to a shift of 22.4 km s -1 . The cubes were then shifted by sub-pixel amounts in their spatial dimensions so there was an exact integer shift between their locations (with reference to BN), before rebinning them onto a uniform wavelength scale by linear interpolation over the FSR. Phase correction was then applied using the phase shift calculated above for the phase cube, by essentially shunting the z direction the appropriate number of pixels so that each plane had the same wavelength. The edge rows and columns of each cube were then trimmed off, and the 5 cubes combined into one large cube by applying the appropriate shifts in the spatial directions and averaging common pixels appropriately.
The wavelength scale was calibrated with reference to the peak of the line emission at Peak 2, and set to v LSR = +13 km s -1 (Nadeau & Geballe 1979) . The region covered in the final cube, approximately 90 × 90 arcsec, is shown in Fig. 1 overlaid on the H 2 1-0 S(1) map of Orion obtained by Allen & Burton (1993) . 
Data Analysis
Approximately 11,000 velocity profiles were individually inspected and analysed. Each profile in the data cube was analysed by fitting 3 Lorentzian functions using the TWODSPEC software (Wilkins & Axon 1994 ). The Lorentzian function was chosen because it duplicates the instrumental profile of the FP and takes the form, Three components were chosen to characterise the emission. This choice was influenced by our search for bow shock structures within a general steady flow. Hartigan et al. (1987) have shown that bow-shock velocity profiles are characterised by a strong central component with a red or blue wing, depending on the inclination of the bow shock to the line of sight. Each of the components in our study was characterised as either forming the strong central, or the weaker blue or red components of the line profile. No profiles with FWHM less than 14 km s -1 or greater than 150 km s -1 were allowed. This suppressed any bad pixels or strong continuum sources (e.g. stars) from being included in the analysis. The resultant images can therefore be considered as being continuum subtracted. Fig. 2 shows an example of a velocity profile with a blue wing, and the corresponding fit. Table 2 gives some general results from this analysis. The velocities of the central, blue and red components over the whole data set are, respectively: 12 ± 6 km s -1 , -30 ± 13 km s -1 and 45 ± 17 km s -1 , where the uncertainties are given as standard deviations from the mean. 
Spectroscopy of [FeII] Lines
In addition to the Fabry-Perot observations, the infrared camera IRIS on the 3.9m Anglo-Australian Telescope was used to measure the line ratio of the [FeII] 1.644 and 1.257 µm lines in four of the HH objects in Orion (three in the OMC-1 region and one near the Orion Bar). This ratio can be used to directly determine the extinction to a source. The observations were made on 3 December 1993, in spectroscopic conditions (partial cloud coverage), and used a grism to simultaneously measure the 1.23 -2.12 µm spectrum at a resolution of R=100. The source was placed at two positions along a 40 x 0.5 arcsec slit, and standard long-slit reduction methods were applied to the data. Each source had at least two independent pairs of observations and only results that gave consistent readings between pairs were used. These results are summarised in Table 3 .
Results
Total Intensity Distribution
The total line and continuum flux in the observed region is shown in Fig. 3 . The emission is dominated by the BN object, at position (0, 0), by Peak 1 to the north-west and Peak 2 to the south-east, although a number of the compact sources here are stars.
In order to see the continuum subtracted H 2 emission, we turn to the results of the line profile analysis. In Fig. 4 , an image and overlaying contour of the total H 2 intensity is shown. Comparing with Fig. 3 we see that the overall structure is similar except that the stars and point sources are no longer present in the image. In cases where emission from the stars dominates over the H 2 emission, no fits were attempted and thus gaps are left in the results array (e.g. note the absence of emission at the position of BN).
The H 2 emission is extensive across the region making its nature intriguing. In front of the shocked line emission from OMC-1 there lies a zone of fluorescent H 2 line emission, resulting from the UV excitation of the molecular cloud by the Trapezium stars. On a global scale over the entire Orion nebula, the total fluorescent emission through all H 2 lines actually dominates over the shocked emission (Burton & Puxley 1990; Luhman et al. 1994) . However, the analysis of Burton & Puxley (1990) , has shown that the fluorescent contribution to the 1-0 S(1) line at the peak of OMC-1 is only about 1%, rising to about 10% at the edges of our image.
The 1-0 S(1) line contributes only ~2% of the total H 2 line flux in a fluorescent source compared to ~ 7% in shocks. The line profiles are quite different; for example, the fluorescent emission from the radiatively excited Orion Bar being unresolved spectrally (i.e. < 17 km s -1 FWHM; ) and centred on the ambient cloud velocity, compared to the 150 km s -1 extent of the shocked gas towards Peak 1. Thus, if fluorescence dominated the emission in any of the profiles one would expect to see a significantly enhanced narrow component to the profile at the rest velocity of the cloud.
Analysis of the profiles in the south-west (close to the strongest UV sources), however, immediately rules out the possibility of the 'extended' H 2 emission being dominated by excitation in the photodissociation region from the HII region -molecular cloud interface, as there is no clear evidence of an unresolved (FWHM ~ 14 km s -1 ) component.
Another possibility for the 'extended' emission is scattering of the H 2 emission (Hough et al. 1986; Burton et al. 1991) . However, we rule out scattering for 2 reasons : (i) the H 2 reflection nebula, first identified by Hough et al. (1986) , is beyond the area sampled in our data, and (ii) as Peak 1 is by far the brightest source of H 2 emission, any scattered light should reflect the broad profiles measured for Peak 1. The profiles from Peak 1 are on average ~ 45 km s -1 (FWHM) whereas the profiles from the 'extended' region are ~ 34 km s -1 (FWHM).
Velocity Distribution
In Fig. 5 , an image of the velocity of peak emission from the shocked gas in OMC-1, is shown. The Peak 1 region (see Table 2 for co-ordinate references) is blue shifted relative to Peak 2, the velocity difference being ~ 5 km s -1 . The widths of the profiles from Peak 1 are ~ 10 km s -1 broader than those in Peak 2 (see Table 2 ). These results are consistent with those of Parmar et al. (1994) , who measured velocity resolved spectra of the pure rotational H 2 lines (v = 0-0 S(1), S(2), S(3), S(7) and S(9)) from Peaks 1 and 2. Both results are consistent with an outflow model which lies close to the plane of the sky, with Peak 1 pointing slightly towards us.
Velocity structure is also apparent on much smaller scales. To the south-west of IRc2, there are several emission clumps dominated by blue-shifted gas motions, while there are a few sites about Peak 2 and to the north-west of Peak 1 whose velocities are red-shifted. The region about BN also seems to be occupied by complex gas motions. Most particularly, is a ridge of emission which stretches to the north from BN. The east of this ridge is dominated by extremely blue-shifted material. Moving across this ridge, the relative direction of the gas motions switch over such that they are dominated by red-shifted material. Inspection of the velocity profiles in this region shows that they are double-peaked, with the red-and blue-shifted peaks having more or less equal amplitude along the ridge (Fig. 6 ) and it is this behaviour which we see in Fig. 5. Figure 7 shows the intensities of the sum of the blue and red intensity components. It gives the spatial distribution of H 2 emission exhibiting asymmetry in the velocity profile. Clearly, there is no resemblance to the total intensity distributions seen in Figs. 3 and 4. The high velocity components thus do not trace the emission mechanisms which produce the 'extended' component or the mechanism producing Peaks 1 and 2. Instead, the emission appears very clumpy with discrete condensations, most of which are within 15 arcsec of IRc2.
Intensity Distribution of Asymmetric Profiles
The ridge structure alluded to in §3.2 is prominent in Fig. 7 . It may represent the boundary layer of a collision between outflowing material, such as a jet, with a dense obstacle, which in this case is the OMC-1 cloud core. Such interactions have already been identified, on much larger scales, in the HH 110 outflow (Reipurth & Chernicharo 1995) . Although the intensity distribution observed is consistent with such an interaction (e.g. see also Raga 1995), it is not clear that the velocity structure will be. An alternative interpretation is that the ridge represents a chain of unresolved bow-shocks, which naturally produce double peaked velocity profiles. Fig. 8 shows velocity profiles taken from the Peak 1 and Peak 2 regions. The most striking difference between the profiles in the two regions is that they are broader in Peak 1 than in Peak 2 by ~ 50 km s -1 FWZI (see also Table 2 ).
Velocity Profiles
If we exclude the ridge structure north of BN, Fig. 7 shows that the intensity distribution of asymmetric profiles is noticeably clumpy around the IRc2 complex. In Fig. 9 , the velocity profiles of a few of these isolated clumps are shown. The left-hand panels in Fig. 9 show the raw profiles from the data cube. As described in §3.3, the intensity distribution for these asymmetric profiles does not resemble the intensity distribution of the total H 2 emission. We infer from this that the excitation mechanisms which produce the extended H 2 emission (Fig. 4) and the high velocity structure (Fig. 7) are not the same. The mechanism which has produced the strong asymmetric profiles is independent of the general H 2 emission from the region. In an attempt to remove the latter from the raw profiles, the weakest profile in the grid was subtracted from all others, with the explicit assumption that this weak profile provides the nearest estimate of the background 'extended' emission in the vicinity of the clump. The results of this are seen in the right-hand panels of Fig. 9 . The results reveal not just the asymmetric profiles but their spatial structure and extent also.
The resultant profiles are strongly reminiscent of profiles produced by bow-shocks (e.g. see Hartigan et al. 1987) . If so, then it is possible to estimate the bow-shock speed from the FWZI extent of the velocity profiles. Using Fig. 7 , twelve such candidates were identified from which velocities were extracted. The results are summarised in Table 4 . Similarly shaped profiles have been measured (Tedds et al. 1995) for the H 2 and [FeII] bullets identified by Allen & Burton (1993) . It is very tempting, therefore, to ascribe these structures to bow-shocks produced by dense, compact clumps of gas ploughing their way through the medium, i.e. bullets.
In the next section, this hypothesis is tested via the development of a simplified bow-shock model.
The Bow Shock Model
Simplified theoretical models of bowshocks have been constructed, following the work of Hartigan et al. (1987) . Brand et al. (1989) constructed a model for a J shock, and derived an analytical solution for the emission profile of the complete bow that displayed the major features and shortcomings of this type of shock model. The principle result is that the profile, although spanning the large range of velocity equal to the value of the flow at infinity, has very concave wings, easily disguised in data with typical values of signal to noise ratio. It therefore cannot replicate the broad profiles seen in the brightest parts of the Orion outflow. Smith et al. (1991a,b) investigated the output from the C shocks in such configurations, and demonstrated that broad profiles could be obtained, provided that one were willing to accept high magnetic field strengths.
It is possible to deduce certain general conditions that must be satisfied by bow shock velocity profiles by a consideration of such models. It is clear that, in a frame in which the ambient material is stationary and the shock wave is passing through it, the emitting material is initially static and then moves as the result of an impulse outwards normal to the shock surface. The size of the impulse is proportional to the sine of the angle between the direction of the shock wave and the tangent to the shock surface, and this decreases with distance down the flanks of the shock. In the case of a J shock the gas has virtually achieved its final velocity in the shock acceleration when it emits the H 2 lines that we observe.
Seen from any aspect, the gas at the projected edges of the structure receives its impulse at right angles to the line of sight, so is imparted no radial velocity and therefore contributes to the zero velocity peak in the observed velocity profile. Gas from further down the flanks will contribute to small positive and negative velocities, and of course to the zero velocity peak. Furthermore, all the gas from the near part of the structure will contribute to negative (approaching) radial velocities, while far gas contributes to positive velocities in the profile. Near and far are relative to the limb seen by the observer. If the shock structure is tilted so that the velocity of the shock wave has a component toward the observer, the highest radial velocities will be seen in the near part of the shock near its head where the impulse and line of sight are most nearly parallel, and the velocity will be negative. Conversely, if the shock direction is tilted away from the observer, the highest radial velocity will be positive.
If, as in the case of H 2 excitation, too strong a shock destroys the emitter, then no emission will be seen for some distance down the flank, until the sine factor has reduced the shock strength. As this upper part is where the gas receives the largest impulse, this imposes a limit to the range of velocities that will be seen in the shock.
Finally, in any other set of velocity conditions, for example a static obstruction in a wind, profiles are obtained by a simple shift by the projected velocity component of the material before it is shocked.
Model Results
With these rules of thumb it is possible to understand the predicted profiles. Fig. 10a shows a set of model profiles due to a bullet travelling through static gas, directed 45 degrees away from the direction of the observer. The bullet speed is 150 km s -1 and the emission comes from the shock surface with an intensity proportional to the impulse (approximating to the J shock conditions). Notice the difference in peak intensities between frames. Fig. 10b shows the same set of model profiles, but with a velocity limit of 50 km s -1 as an example, reflecting a model where the gas is dissociated at this velocity, demonstrating the loss of high velocity components.
What are the dominant differences in the C-shock moderated case? Here the gas is accelerated slowly, and emits before it reaches its final velocity. One effect is to fill in the region in the profile between zero velocity (the initial state of the gas) and the velocity corresponding to the impulse finally delivered by the shock. The other effect, first explored by Smith et al. (1991a) , is to allow survival of the gas much closer to the head of the shock structure, and therefore to populate the high velocity wings. Since it is necessary that for this to work the Alfven Mach number is low, the Alfven speed has to be within a factor of a few of the highest velocity observed. In the case of Orion, this implies magnetic fields of milligauss, in accord with current estimates of the magnetic field in OMC-1 (~ 10 mG; Chrysostomou et al. 1994) . These effects provide a broader profile, and seem in many cases to explain the increasing number of measurements of emission from molecular shocks. A lingering worry in all of these models of C-shocks is whether the flow is stable against conversion to a J-, or J-like flow (e.g. Wardle 1991a,b; Draine & McKee 1993) .
Of interest is the fact that the high magnetic field required by Smith et al. (1991a,b) imply large length scales in the shock. The length scale given there is, We can compare these model profiles with the observations, such as those shown in Fig. 9 . The asymmetric profiles evident in both model & data lends weight to our belief that these structures are indeed bow-shock structures, produced by compact knots of material ploughing into the molecular cloud.
Discussion
In the previous sections we have identified two distinct emission types which contribute most of the line emission seen in the shocked gas. These are an extended component with profiles centred near the LSR velocity of the cloud and a set of discrete condensations with highly red-shifted and blue-shifted line emission. In this section we attempt to account for these two components of the line emission.
Geometry
IRc2 has long been associated with the single powerhouse behind the Orion outflow. Recently, evidence has been accumulating (Dougados et al. 1993; Chelli et al. 1984 ) that IRc2 is not a single object but a complex of sources (see also Gezari et al. 1992 (Wynn-Williams et al. 1984) , can produce a bubble of hot gas (see Taylor et al. 1984 and references therein) which will expand under its own pressure, driving a shock into the ambient molecular cloud and producing the observed extended emission component. The expanding gas, physically constrained by the dense molecular disk (Murata et al. 1991) will produce line emission in an 'hour-glass' shape which, when projected onto the plane of the sky, would have a spatial extent similar to that observed.
The intensity distribution of the extended component is dominated by Peaks 1 and 2. Since their discovery, they have been considered to be the working surfaces of shocks produced where a high velocity outflow interacts with the molecular cloud. The large velocity widths and relatively intense emission are a clear indication of a high energy outflow. However, there is a small velocity shift between the two lobes, implying that the bipolar axis must be quite close to the plane of the sky, with Peak 1 slightly inclined towards us. This view is further supported by the observations of a dense molecular disk lying perpendicular to the outflow direction. If the bipolar axis were inclined at a greater angle towards us, not only would we expect a steeper velocity gradient between the lobes, but it is conceivable that we would not see Peak 2 behind the thick disk.
The projected inclination of the bipolar axis on the plane of the sky is at a position angle of ~ 130° in accordance with the direction of the large scale magnetic field in the OMC-1 (Gonatas et al. 1990 ). This geometry strongly implies that the initial cloud collapse occurred along the magnetic field lines, producing the accreting circumstellar disk perpendicular to this direction, in support of the current view of cloud collapse (e.g. Shu, Adams & Lizano 1987) . However, with these present observations we cannot confirm whether the outflow is collimated by the disk, the magnetic field or an interaction of the two.
In addition, the presence of discrete condensations gives a 'clumpy' appearance to the overall intensity distribution. As demonstrated by the asymmetric velocity profiles, these condensations are probably regions where bow shock emission is taking place.
Bow Shocks
The H 2 v=1-0 S(1) line profile at Peak 1 has been measured through a 5 arcsec beam at 12 km s -1 resolution by Brand et al. (1989) . It is smooth, with an enhanced blue wing, and has an extent of 150 km s -1 . This cannot be explained by simple planar shocks. Even with an ensemble of emitting cloudlets, each contributing its own velocity profile, it requires an unreasonable redistribution of momentum within the source to produce the observed profile. The individual cloudlets would have to achieve velocities of ± 75 km s -1 , within a cylinder 0.01 pc in diameter, everywhere within the source. On the other hand, a bow shock can naturally explain the profile width. The current observations, with 1.5 arcsec spatial and 14 km s -1 spectral resolution, now permit more stringent tests. The spatial resolution is less than the size of some of the bullets seen by Allen & Burton (1993) . Along a bow we might expect to see the H 2 shock velocity vary from the maximum for C or J shocks (~ 25 -50 km s -1 ) to the minimum needed to excite the line at all (5 km s -1 ). Of course, each line of sight through a bow will still sample a range of conditions (and velocities), and this needs to be incorporated into any interpretation. This problem has been well considered for atomic line emission by Hartigan et al. 1987 , who show that the total velocity extent for the integrated profile from a single bow is equal to the speed of the bullet. They also discuss how to infer the direction of motion from the shape of its profile. We might therefore expect, with our data from only partially resolved bullets in OMC-1, to see some change from the smooth profile observed by Brand et al (1989) at the location of individual bow shocks. This indeed occurs, as seen in Fig. 9 .
Isotropic Explosion
Allen & Burton (1993) first argued that the bow-shock H 2 structures in their data, associated with [FeII] emission, were produced by the passage of discrete knots of material through the molecular cloud. They ascribed these knots as bullets originating in some explosive event that occurred some 1000 years ago in the core of OMC-1, namely the IRc2 region. New images taken by the Hubble Space Telescope (HST) of some of the Allen & Burton bullets have helped to reinforce this picture (O'Dell, Hartigan & Burton, in prep.; Burton 1997) . These images resolve the bullet structures in more detail than before, showing that they are more numerous and complicated than previously envisaged. What appears as a single [FeII] It is very tempting, therefore, to describe the discrete bow-shock structures discovered here in a similar fashion, i.e. as bullets ejected by some explosive event centred on the IRc2 region. This immediately begs the question of whether the bullets of Allen & Burton and from this work are coeval, that is, are we witnessing pulses of explosive ejections or did the two populations of bullets originate simultaneously in a single explosive event? Allen & Burton estimated that the outermost bullets in their data sets would have taken less than ~ 1000 years to get to their present positions. This estimate is derived from the velocity of the bullets (~ 350 km s -1 as derived from their velocity profiles) and the projected distance travelled from the IRc2 region. The outermost bullets in the present data set, measured from Fig. 7 , is ~ 25 arcsec, while from Table 4 the average velocity of these bullets is of the order of ~ 100 km s -1 . At the distance to Orion (~ 500 pc) this gives a time estimate of ~ 600 years for these bullets to reach their present positions, 400 years shorter than the estimate of Allen & Burton for the furthermost bullets. However, as pointed out by Allen & Burton, any time estimates may shorten if deceleration took place. Also, all distances are projected distances, and the timescales would differ if the bullet trajectories are not close to the plane of the sky. However, we have chosen bullets which are furthest from their assumed epicentres, which for constant velocity expansion, would mean that they are the ones closest to the plane of the sky. Also, from the asymmetry of the velocity profiles we know that the bullets must be travelling close to the plane of the sky.
Furthermore, we suggest another possibility to reconcile these time estimates. Near-infrared imaging polarimetry measurements of the BN/KL region by Minchin et al. (1991) were best modelled if the outflow lobes, defined by Peaks 1 and 2, were in fact cavities. We should then be able to characterise the total time since ejection for the Allen & Burton bullets as the time spent in the cavity (t 1 ) plus the time spent in the molecular cloud (t 2 ). Specifically, we can assume that t 2 » t 1 , i.e. that the travel time through the outflow cavity is short compared to the travel time through the molecular cloud. To get an estimate of t 2 , we measure the projected distance of the furthermost bullets from Peak 1, which we take to be the edge of the cavity. This gives a distance of 6 0 arcsec and a time of ~ 400 years. Therefore, it is possible to envisage a scenario in which both families of bullets (those of Allen & Burton and from this work) are ejected at the same epoch. The bullets that are found in this work are quickly decelerated to ~ 100 km s -1 as their trajectories take them through the dense molecular disk. It is for this reason that they travel less distance than the bullets of Allen & Burton which are only appreciably decelerated once they have traversed the outflow cavity. Alternatively, we could be witnessing the results of a series of events which occurred over a time period spanning ~ 100 -300 years.
The present data set argues that if any explosion did occur, it occurred isotropically, sending material out over all angles. However, there has been no positive identification of a complex of bullets to the south which is at a similar distance from the IRc2 region as the northern complex. There are two reasons which may help reconcile this : (i) to the south of IRc2 and in the line of sight to where the southern complex should be present, is the HII region associated with the Trapezium cluster. This provides a very bright background, greatly increasing the contrast needed for detecting any faint structures, and, (ii) the bipolar axis is tilted towards us such that any ejections which occur through the southern lobe would take the bullets deeper into the molecular cloud and behind both the IRc2 and HII regions into lines-of-sight with larger extinctions.
These two points together would render the detection of faint bow-shock and bullet-like structures very difficult with typical narrow band (∆λ ~ 1%) imaging techniques. Extinction estimates to the outermost bullets are a few A V (see Table 3 ), sufficiently low that they are visible optically. Conversely, the extinction to any bullet structures to the south would be much higher. The large continuum from the HII region would give only very small equivalent widths for the H 2 and [FeII] lines. Possibly the only way of detecting such structures would be by imaging the region with a tuneable Fabry-Perót or by implementing spectroscopic mapping techniques with a long slit spectrograph. These experiments have recently been conducted revealing, for the first time, a series of bow shaped structures in the light of the H 2 1-0 S(1) transition located to the south of Peak 2 and in the line of sight with the HII region (McCaughrean & Mac Low 1997; Schild et al. 1996) . The wakes of these bow shaped structures lead back to the IRc2 region. Allen & Burton (1993) and Burton & Allen (1994) calculated the mass and energetics of the [FeII] bullets based on their [FeII] 1.64 µm line flux and size. Individual bullets were estimated to have typical masses about 10 -5 M O , and their total kinetic energy from ~ 20 knots, about 10 44 ergs. We can revise these estimates now based on a direct determination of the extinction to the bullets from the ratio of the [FeII] 1.257/1.644 µm lines. Coming from the same upper state levels, these lines have an intrinsic ratio of 1.36. The observed ratio, measured in four [FeII] emitting knots (see Table 4 ), varied from 0.7 to 0.9, implying visual extinctions (at λ = 0.55 µm and assuming a λ -1.7 extinction law) ranging from 4.5 to 8.7 magnitudes. Line fluxes were then converted to a column density of material (assuming N H = 2 x 10 21 A V cm -2 ) yielding ~ 10 22 cm -2 for each bullet. Interestingly, the more luminous bullets have the least extinction, with all 4 bullets (including HH3 near the Orion Bar) having roughly the same amount of material in them. ) gives a mass two orders of magnitude higher, ~ 3x10 -4 M O .
Explosion energetics
The extinction estimate to the bullets, combined with their size, now gives us an independent estimate of their density The average molecular density of a 2-3 arcsec size knot with a column of material, N H = 10 22 cm -2 is <n(H 2 )> = 3-2 x 10 5 cm -3
, and mass 1-4 x 10 -3 M O , at least a factor of three higher than the upper limit derived from the [FeII] flux. This is perhaps not too surprising. The knots can be expected to have a dense, unexcited core (previously shocked and compressed), and the average density calculated is an order of magnitude higher than the ~ 10 4 cm -3 density derived from the ratio of the [FeII] lines in the H band (Allen & Burton 1993) . Allen & Burton (1993) .
Possible origin for an explosion
There has been much recent investigation into identifying the dominant luminosity source in the OMC-1 region (Gezari 1992; Dougados et al. 1993; Menten & Reid 1995) . These investigation have revealed that the traditionally accepted source, IRc2 -the most prominent source in the mid-IR , is in fact resolved into 4 distinct sources (Dougados et al. 1993) . Source I (Garay, Moran & Reid 1987 ) is situated nearby the four sources which make up the IRc2 region and has recently been shown (Menten & Reid 1995) to form the centroid of SiO maser emission (Plambeck et al.1990) . Given that there is no near-or mid-IR counterpart to source I, it suggests that source I is very deeply embedded and its association with SiO masers implies it must be very luminous ( > 10 4 L o ; Menten & Reid 1995) . H 2 O masers have also been found in the vicinity of IRc2 , believed to be excited by source 'n' (e.g. Dougados et a. 1993 ). Menten & Reid speculate that this source could be a significant source of power for the OMC-1 nebula.
We consider again the question of whether a buried supernova can account for all these phenomena reported in this paper, as first postulated by Chevalier (1980) . The total kinetic energy in the bullets is about 5x10
-5 that of a supernova explosion, but we would by now have expected a large fraction of the original kinetic energy to have radiated away through cooling lines in such a dense environment. The momentum, however, is still over two orders of magnitude less than the ~ 10 4 M O km s -1 estimated by Chevalier for a supernova remnant, and also small compared to the bulk momentum of the outflowing CO gas. Thus, if the bullets represent debris from a supernova remnant, they only provide a small part of it.
The possibility of jets as a cause for all these features is discounted for the following reasons. As argued by Allen & Burton (1993) , a single precessing jet could not excite all of these features whose cooling times are ~ 1 year. It may be argued that each feature has its own jet source. There have been approximately 50 structures identified and one would need perhaps half as many (for bipolar flows), each with collimated flows and placed within 5 arcsec of the IRc2 region. However, at present only 4-6 sources have been resolved within the IRc2 region (Dougados et al. 1993; Gezari 1992) . Even more unlikely is the fact that all of these sources would need to commence their outflows at more or less the same time.
A promising scenario has recently come to the fore following the work of Stone et al. (1995) . Historically, the problem with invoking bullets to explain bow-shock phenomena in astrophysics, is that it has always been hard to conceive how one can accelerate a 'lump' of gas to supersonic speeds without destroying it . The recent suggestion by Stone et al. on the formation of bullets by hydrodynamical instabilities in stellar outflows is proving to be a very promising idea. In this model, the bullets condense out of an expanding stellar wind, i.e. they condense in situ, overcoming the acceleration problem.
However, for this mechanism to work the model requires the presence of a secondary pulse of stellar wind which is approximately an order of magnitude faster than the initial steady wind. The second shell that is created thus, catches up with the first shell on a relatively short timescale and collides with it. The brief impulse which this interaction causes, leads to acceleration of dense fragments which propagate nearly ballistically into the ambient gas, leaving behind a trail of cone shaped bow shocks. To provide the secondary wind which is necessary for this model, McCaughrean & Mac Low (1997) recently put forward the hypothesis of multiple star formation within the IRc2 region. An initial period of star formation produces the primary stellar wind and consequent swept up shell, while the the secondary wind phase is provided by a second later burst of massive star formation within the same vicinity.
With the identifications of at least two powerful sources in the region to provide these stellar winds, this idea merits further investigation.
Conclusions
We present a velocity resolved data cube of the spatial distribution of the v=1-0 S(1) line of H 2 obtained towards the star forming region of OMC-1. The data were collected with a scanning Fabry-Perót interferometer and, achieving a velocity resolution of ~ 14 km s -1 and spatial resolution of ~ 1.5 arcseconds, provides the most extensive data set to date on the kinematics and spatial distribution of the H 2 emission in OMC-1, and its excitation mechanisms.
Across the region, the profiles are generally broad and quite smooth, with a FWZI ~ 150 km s -1 . There is a strong central peak which pervades the whole region and is close to the ambient cloud velocity (v LSR ~ 12 km s -1 ). Subtle variations in its velocity distribution are apparent, in particular, the strongest emission regions -Peak 1 and Peak 2 -are blue-and red-shifted relative to each other by ~ 5 km s -1 . We interpret these emission regions as the result of an isotropic steady wind being loosely collimated by a circumstellar disk, forming a bipolar flow which has Peak 1 slightly tiltled towards us. We also find that the profiles from the Peak 1 region are broader than those from Peak 2 by ~ 10 km s -1 .
High velocity emission components are found in addition to the strong central line core. These are generally found in discrete locations, such that the spatial distribution of these components in no way resembles the spatial distribution of the dominant bright core of the line. We take this to mean that the excitation mechanisms which produce the high velocity and central components are different. Our analysis shows that these discrete emission knots closely resemble the emission expected from partially resolved bow-shocks.
Our interpretation of these features ascribes them as additional bullets to those discovered by Allen & Burton (1993) . Together, there are now ~ 50 bullets identified, and we speculate that these two populations may in fact be coeval. We argue against the possibility of a supernova or of multiple jets being the origin of these bullets. An alternative theory recently put forward by Stone et al. (1995) , namely that the bullets condense in situ, due to hydrodynamical instabilities, out of an expanding stellar wind may be more palatable. This theory bypasses the problem of accelerating a knot of gas to supersonic speeds without completely destroying the knot.
FIGURE CAPTIONS
FIGURE 1 : H 2 1-0 S(1) image of OMC-1 from Allen & Burton (1993) . The solid line outlines the area sampled by our data cube. The top panel shows the residuals between the fit and the data.
FIGURE 3 : Total integrated intensity from the data cube, which includes continuum emission. FIGURE 7 : Intensity distribution of the sum of the blue and red wing intensity components, as derived from the data analysis, illustrating the clumpy nature of the spatial distribution of these asymmetric profiles.
FIGURE 8 : Profiles from the Peak 1 (top panel) and Peak 2 (bottom panel) regions. Note the difference in width of profiles between the two regions. In the top panel, the bottom-left profile corresponds to an offset of (+5.4, +14.4) arcseconds from BN, while in the bottom panel this offset is (-24.0, -15.3) . Velocities are plotted between -150 and +150 km s -1 .
FIGURE 9 : Selected regions from the data cube which appear as isolated features in Fig. 7 . The profiles on the left are the raw profiles from the data cube, while the profiles on the right are the same after subtracting the weakest profile in the grid, revealing clear evidence of bow-shock profiles (see text). The top two profiles correspond to clump #1, the middle profiles to clump #5, and the bottom profiles to clump #7 (see Table 4 ). Velocities are plotted between -150 and +150 km s -1 .
FIGURE 10 : Profiles of intensity versus velocity, predicted by the simple model with a flow velocity of 150 km s -1 , as described in the text. The top right diagram shows the regions of the sky from which emission was included in each profile (A-F). The axis of the shock paraboloid is tilted towards the observer at 45°. The full velocity range is 360 km s -1 with marks at 50 km s -1 intervals. The dashed profiles result from emission restricted to gas excited by perpendicular shock speeds of less than 50 km s -1 (it is assumed that above this speed molecules are destroyed). The height of the peak relative to that of the total emission is shown in each panel.
